Systematic dc magnetization studies using the Banerjee criterion, Kouvel-Fisher, and magnetocaloric effect methods provide physical insights into the origin of the magnetic anomaly and the tunneling effect of europium on the ferromagnetic ordering in Eu 8 Ga 16 Ge 30 type-I clathrates. We show that Eu 8 Ga 16 Ge 30 undergoes a second-order magnetic transition (SOMT) at T C ∼ 35 K, resulting from the magnetic interaction between the Eu 2+ ions at the Eu2 sites, followed by a secondary magnetic transition at T L ∼ 10 K (indicated as a magnetic anomaly in previous studies), as a result of the magnetic interaction between the Eu 2+ ions at the Eu1 and Eu2 sites. The critical exponent β = 0.388 is close to that predicted from the three-dimensional Heisenberg model (β = 0.365), while the critical exponent γ = 0.956 is close to that predicted from the mean-field model (γ = 1). The substitution of Sr 2+ for Eu 2+ retains the SOMT but largely reduces the transition temperatures (T C ∼ 15 K and T L ∼ 5 K), with the critical exponents β = 0.521 and γ = 0.917 close to those predicted from the mean-field model (β = 0.5 and γ = 1). These results point to the important fact that the tunneling of Eu 2+ between the four equivalent sites in the tetrakaidecahedral cage tends to prevent the occurrence of a long-range ferromagnetic ordering in the type-I clathrate materials.
I. INTRODUCTION
In recent years, semiconductors with the clathrate-hydrate crystal structure have been the subject of intense research due to their potential for thermoelectric applications. [1] [2] [3] In these materials "guest" atoms of one or more species reside inside "host" framework polyhedra formed by other species. 1 Incorporating rare-earth elements with large magnetic moments as "guest" atoms into an adequate semiconducting host framework has made these materials also interesting for thermomagnetic applications. [4] [5] [6] [7] [8] Among the existing clathrates, the composition Eu 8 Ga 16 Ge 30 is an example in which the sites for the guest atoms are fully occupied by Eu. 4, 5 The Eu 8 Ga 16 Ge 30 composition can form in two completely different clathrate structure types. 5 In the type-I (P m3n) clathrate crystal structure, Eu resides inside two different polyhedra: two inside dodecahedra at Eu1 (2a crystallographic site) and six inside tetrakaidecahedra at Eu2 (6d crystallographic site) per unit cell. In the type-VIII (I 43m) clathrate structure, eight distorted pentagonal dodecahedra containing 23 vertices surround the Eu 2+ ions. 5 The ferromagnetism of the clathrates is attributed to the presence of Eu 2+ ions with a large saturation moment (7 μ B /Eu). The large separation distance between neighboring Eu 2+ ions (>5.23Å) excludes the direct exchange interaction between the localized 4f moments and suggests the long-range Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction via the charge carriers as the key mechanism for the occurrence of the ferromagnetism in these materials. [4] [5] [6] [7] [8] Since the shortest distance between Eu 2+ ions in the type-I clathrate (∼5.23Å) is smaller than that of the type-VIII clathrate (∼5.562Å), the former possesses a higher Curie temperature (T C ∼ 35 K) compared with that of the latter (T C ∼ 13 K). 5, 7 Using the standard formulation for the exchange Hamiltonian and the carrier concentrations at T C determined from the Hall constants, Paschen et al. 5 have argued that ferromagnetism should exist for Eu-Eu distances under 6.5Å for the type-I clathrate and 10Å for the type-VIII clathrate. Nevertheless, the difference in the Curie temperature between these two clathrates has recently been re-examined and attributed to the different effective masses of the charge carriers. 9, 10 Our recent studies on the Eu 8 Ga 16 Ge 30 type-VIII clathrate have revealed the nature of a second-order, paramagnetic to ferromagnetic (PM-FM) transition at T C ∼ 13 K, with long-range ferromagnetic ordering. 7 However, the case may be different for the Eu 8 Ga 16 Ge 30 type-I clathrate. [4] [5] [6] 8 In this material, the shortest distances for Eu2-Eu2, Eu2-Eu1, and Eu1-Eu1 are 5.23Å, 5.62Å, and 10.7Å, respectively. 5 The Eu-Eu distance in the [111] direction is 9.27Å. Since the ferromagnetism only exists within Eu-Eu distances of 6.5Å, 5 the magnetic interactions at the Eu2-Eu2 and Eu1-Eu2 distances are expected to contribute to the ferromagnetism of the material. The ferromagnetism is dominated by the magnetic interaction between the Eu 2+ ions at the Eu2 sites, because the Eu2-Eu2 distance (5.23Å) is shorter than the Eu1-Eu2 distance (5.62Å) and more Eu 2+ ions are located at the Eu2 sites than at the Eu1 sites per unit cell. However, the magnetic interaction between the Eu 2+ ions at the Eu1 and Eu2 sites is also expected to be significant at low temperature, which may result in a secondary ferromagnetic ordering. This is likely an important clue in assessing the physical origin of the broad hump observed in ρ(T) and C P (T ) at around 10 K (henceforth T L ) in the Eu 8 Ga 16 Ge 30 type-I clathrate, which remained unexplained satisfactorily previously. 5, 10 Furthermore, it has been noted that Eu 2+ tunnels between four equivalent sites in the tetrakaidecahedral cages (at the Eu2 sites) in the Eu 8 Ga 16 Ge 30 type-I clathrate.
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This effect was observed in the ferromagnetic phase below T C ∼ 35 K 12,13 and has recently been argued to account for the formation of the modulated ferromagnetic structure in the type-I clathrate.
14 However, there are two emerging questions:
Why does the jump in C p at T C significantly differ from the value expected for a uniform ferromagnet with S = 7/2 from the mean-field theory? 4, 5, 14 What is the universality class that governs the PM-FM transition in the Eu 8 ions at the Eu2 sites, while the transition at T L originates from the magnetic interaction between the Eu 2+ ions at the Eu1 (2a) and Eu2 (6d) sites. The finding of the secondary magnetic transition at T L ∼ 10 K can explain the occurrence of the broad hump in ρ(T) and C P (T) at approximately 10 K. Following the usual notation, the critical exponent β describes the temperature dependence of the spontaneous magnetization (M 0 ∝ (T − T C ) β )), the exponent γ describes that of the zero-field paramagnetic susceptibility χ
γ , and n(T C ) describes the field dependence of the magnetic entropy change at the critical temperature ( S M (T = T C ) ∝ H n(T C ) ). For Eu 8 Ga 16 Ge 30 β = 0.388 is close to that predicted from the three-dimensional (3D) Heisenberg model (β = 0.365), while γ = 0.956 is close to that predicted from the mean-field model (γ = 1). n(T C ) = 0.545 significantly deviates from that predicted by the mean-field model (n(T C ) = 2/3). The Sr doping largely reduces the transition temperatures (T C ∼ 15 K and T L ∼ 5 K), with the critical exponents β = 0.521, γ = 0.917, and n(T C ) = 0.667 close to those predicted by the mean-field model (β = 0.5, γ = 1 and n(T C ) = 2/3). These findings suggest the influence of tunneling of Eu 2+ between the four equivalent sites in the tetrakaidecahedral cage (at the Eu2 sites) on the ferromagnetic correlation in the type-I clathrate and allow us to address why the magnitude of the jump in C p at T C significantly differs from the value expected for a uniform ferromagnet with S = 7/2 from the mean-field theory. 4, 5, 14 
II. EXPERIMENT
Polycrystalline Eu 8 Ga 16 Ge 30 with the type-I crystal structure was synthesized by reacting the high-purity elements in stoichiometric ratios inside a boron nitride (BN) crucible, which was enclosed in a nitrogen atmosphere, inside a sealed quartz ampoule. The specimen was placed in an induction furnace at 1000
• C for 10 minutes followed by a rapid water quench. The Eu 4 Sr 4 Ga 16 Ge 30 specimen was prepared by reacting the high-purity elements in a BN crucible inside a nitrogen-filled sealed quartz tube at 950
• C for 3 days, followed by slow cooling to 700
• C. After 3 days at 700
• C, the product was air quenched. 6,15,16 X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS) analyses revealed the presence of the type-I clathrate phase only, with no oxide impurities, and homogenous compositions within the polycrystalline grains. 17 Refinement of synchrotron powder diffraction patterns revealed for a stoichiometry of Eu 3.47(3) Sr 4.53(3) Ga 14.48(13) Ge 31.52 (13) with a 76% preferential europium occupation of the Eu1 site. 16 Magnetic and magnetocaloric measurements were conducted using a commercial Physical Property Measurement System from Quantum Design over a temperature range of 2-60 K at applied fields up to 3 T. Figure 1 shows the temperature dependence of the fieldcooled (FC) magnetization taken at a low applied field of 10 mT for Eu 8 Therefore, a strong decrease in the T C , T L , and saturation magnetization (M S ) is expected in the Sr containing specimen.
III. RESULTS AND DISCUSSION
To determine the type of the PM-FM transition in Eu 8 Ga 16 Ge 30 and Eu 4 Sr 4 Ga 16 Ge 30 , we have analyzed H/M vs M 2 curves (which were converted from the isothermal M-H data), using the so-called Banerjee criterion. 18 The results are 21 to precisely determine the critical exponents near their PM-FM transition temperatures. This method consists of an iterative procedure, which starts by constructing the Arrott-Noakes (A-N) plot (i.e., the plot of M 2.5 vs (H/M) 0.75 ). From this plot, the values for the spontaneous magnetization M 0 (T ) are computed from the intercepts of various isothermal magnetization vs field curves on the ordinate of the plot (for temperatures below T C ). The intercept on the abscissa (for temperatures above T C ), allows us to calculate the zero-field paramagnetic susceptibilityχ 0 (T ). (1) and (2), respectively.
Once the M 0 (T ) and χ 0 (T )curves have been constructed, two additional parameter data sets, X(T) and Y(T), may be determined:
The rationale for constructing these quantities is that the spontaneous magnetization should scale with temperature as M 0 ∝ (T − T C ) β and with zero-field paramagnetic susceptibility as χ
γ . Therefore, in the critical region, both X(T) and Y(T) should be linear. The slopes give the values of the critical exponents and the intercepts on the temperature axis correspond to the Curie temperature. The values of the critical exponents are refined by using an iterative method, i.e., once Eqs. (1) and (2) produce the values of the critical exponents, a generalized A-N plot (M 1/β vs (H/M) 1/γ ) is constructed and used to calculate new M 0 (T ) and χ 0 (T ) curves, which are subsequently input into Eqs. (1) and (2), resulting in new values for β and γ . The procedure terminates when the desired convergence of the parameters is achieved. T C is obtained as the intercept on the abscissa of both the X and Y lines.
As an example, Fig. 3 shows the A-N plots of Eu 8 Ga 16 Ge 30 with optimized critical exponents (β and γ ) obtained from the K-F method. The inset of Fig. 3 shows the K-F plot 
where ε = (T − T C ) /T C is the reduced temperature, T C is the Curie temperature, h(x) is a scaling function, and β and γ are critical exponents, which characterize the magnetization behavior along the coexistence (H = 0, ε < 0) and the critical isotherm (ε = 0), respectively. Therefore, according to Eq. (3), if the appropriate values for β, γ , and T C are used, the plot of M/H 1/δ vs ε/H 1/ should correspond to a universal curve onto which all experimental data points collapse. Using the values of β, γ , and T C obtained from the K-F method, the scaled data are plotted in Fig. 4 for both specimens. The excellent overlap of the experimental data points clearly indicates that the obtained values of β, γ , and T C for these specimens are in agreement with the scaling hypothesis.
To get additional information about the magnetic ground states and critical behavior near the PM-FM transition in Eu 8 Ga 16 Ge 30 and Eu 4 Sr 4 Ga 16 Ge 30 from a different perspective, we have investigated the MCE of the two specimens and performed MCE-based critical analysis. The magnetic entropy change ( S M ) was calculated from isothermal magnetization (M-H) curves using the Maxwell relation,
where M is the magnetization, H is the magnetic field, and T is the temperature. In a study of MCE in EuO, the minority phase Eu 3 O 4 was also detected at ∼5 K. 25 Another clathrate structure type, Eu 4 Ga 8 Ge 16 , has also been reported to undergo antiferromagnetic ordering at ∼8 K. 26, 27 Although no impurity phases were detected in our specimens, in order to investigate the possibility that T L arises from Eu 3 Recently, Franco et al. [28] [29] [30] [31] [32] have shown that for SOMT materials the S M (T) curves measured with different maximum applied fields will collapse onto a universal curve (which is unique for each universality class, regardless of the particular specimen) by normalizing all the S M (T) curves to their respective peak value S pk M (i.e., S = S M (T)/ S pk M ) and rescaling the temperature axis above and below T C ,
where T r is the reference temperature corresponding to a certain fraction f that fulfils S M (T r )/ S pk M = f . This choice of f does not affect the actual construction of the universal curve, as it implies only a proportionality constant. When the material deviates from ideal behavior (for example a material with multiple magnetic phases), it is necessary to use two well-separated reference temperatures, T r1 and T r2 , to construct the universal curve, 28, 31 
In the present study, the reference temperatures T r 1 and T r 2 have been selected as those corresponding to 0.6 S pk M . Figure 6 shows the universal curves for Eu 8 slightly better overlap for temperatures below T C . It has been noted that perfect overlap of the curves is achieved in the entire temperature range for single magnetic phase transition materials 28, 30 when a single reference temperature is used but not for multiple magnetic phase transition materials, 29, 34 although the influence of the second phase transition in the close environment of the T C of the transition under this study can be minimized by using the two reference temperatures. The lack of perfect overlap for Eu 8 Ga 16 Ge 30 at temperatures well below T C is not a failure of the universal curve model but may be an indication of an additional magnetic transition at T L with different field dependencies for this specimen. The larger differences between both procedures (using θ 1 or θ 2 ) are seen for the Eu 4 Sr 4 Ga 16 Ge 30 due to the closer temperatures T C and T L (∼10 K apart) when compared with Eu 8 Ga 16 Ge 30 (∼25 K apart). As the contribution to the magnetic entropy change quickly goes to zero when the temperature increases above T L , there is little benefit in the analysis on the Eu 8 Ga 16 Ge 30 specimen in using θ 2 . However, the larger convolution of the peaks associated with T C and T L for the Sr-doped specimen improves the overlap as θ 2 is used. The need for using two reference temperatures for the Sr-doped specimen is an indication that T L is not completely suppressed by doping.
It has also been demonstrated that the field dependence of S M can be expressed as S pk M ∝ H n for some materials.
28,30
The exponent n can be locally calculated from the logarithmic derivative of the S M with magnetic field as
giving n = 2 in the paramagnetic range for T T C , n = 1 for T T C , and
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for T = T C . 28 It has been reported that n depends on the magnetic field and temperature of the material. [28] [29] [30] [31] For the case of single magnetic phase materials, n is field independent at temperature T C or the temperature of the peak entropy change. 28, 30, 33 It evolves with magnetic field at any temperature for the case of multiphase materials. 24, 34, 35 Figures 7(a) and 7(b) show the temperature and magnetic field dependences of n calculated using Eq. (7) 30 , respectively. For both specimens, n approaches 2 in the paramagnetic range at T T C . 28 As summarized in Table I , the values of n at T C [denoted as n(T C )] calculated from the S M (T,H) data [n(T C ) = 0.562 and 0.675 for Eu 8 30 , respectively]. The agreement between the exponent n obtained from the K-F method and the MCE analysis supports the application of the MCE analysis to determine the critical exponents in the cases when the K-F method cannot be used. 31, 32 In addition, the anomalous magnetic field dependence of n has been noted at T L ∼ 10 K for Eu 8 n , has been confirmed for both specimens (see Fig. 8 ).
From Table I we note that for the Eu 8 Ga 16 Ge 30 type-I clathrate the critical exponent β = 0.388 is close to that predicted from the 3D Heisenberg model (β = 0.365) with short-range ferromagnetic correlation, while the critical exponent γ = 0.956 is close to that predicted from the mean-field model (γ = 1). The exponent of this specimen n(T C ) = 0.545 significantly deviates from that predicted from the mean-field 2+ tunnels between four equivalent sites in the tetrakaidecahedral cages and the tunneling states correspond to the static positional disorder induced by the split site Eu2. 11, 12 It has been shown that in addition to the "rattling" motion, or dynamic disorder, of the Eu 2+ ions, the tunneling of Eu
2+
ions plays an important role in producing the glasslike low thermal conductivity in this material. 4, 5, 12 While the thermal conductivity of both Eu 8 Ga 16 Ge 30 and Sr 8 Ga 16 Ge 30 was not affected by an applied magnetic field (∼8 T), this magnetic field significantly suppressed the spin-disorder scattering, which consequently increased the electrical conductivity of Eu 8 Ga 16 Ge 30 , leading to the "negative" magnetoresistance effect (the 10% decrease in resistance with an applied field of 8 T) around its Curie temperature (T C ∼ 35 K). 4 In the present study, we show that the tunneling of Eu 2+ between four equivalent sites in the tetrakaidecahedral cage may be the reason for the ferromagnetic ordering and MCE in the type-I clathrate materials. It has been noted that the tunneling of Eu 2+ ions can lead to the coexistence of competing multiple ferromagnetic states or the modulated ferromagnetic structure below T C . 2, 14 We believe that the formation of the modulated ferromagnetic structure causes the critical exponents β and n(T C ) of the Eu 8 16 Ge 30 are close to those predicted from the mean-field model (β = 0.5 and γ = 1) with long-range ferromagnetic correlations. 7 This implies that the tunneling of Eu 2+ between the four equivalent sites in the tetrakaidecahedral cage tends to prevent the occurrence of a long-range ferromagnetic ordering in the type-I clathrate material. This tunneling could cause the magnitude of the jump in C p at T C to significantly differ from the value expected for a uniform ferromagnet with S = 7/2 from the mean-field theory. 4, 5, 14 From a magnetic cooling application perspective, the refrigerant capacity (RC) is considered as one of the most important factors for assessing the usefulness of a magnetic refrigerant material. The RC depends not only on the magnitude of S M but also on its temperature dependence (e.g., the full width at half maximum of the S M (T) peak). While the Eu 8 Ga 16 Ge 30 type-VIII clathrate shows a relatively narrow S M (T) curve resulting in the moderate RC (∼159 J/kg at 3 T), 7 the tunneling of Eu 2+ ions in the Eu 8 Ga 16 Ge 30 type-I clathrate likely leads to the broadened S M (T) curve thus enhancing the RC in this material (∼174 J/kg at 3 T). This finding may provide a route for improving the cooling efficiency in type-I clathrate materials for advanced magnetic refrigeration applications. More importantly, these results provide a better understanding of the fundamental difference in the magnetic and magnetocaloric properties between the type-I and type-VIII clathrates.
IV. CONCLUSIONS
The nature of the ferromagnetic phase transitions and critical exponents in Eu 8 30 increases the critical exponents β = 0.521 and n(T C ) = 0.667 and brings them close to those predicted from the mean-field model ( β = 0.5 and n(T C ) = 2/3). The critical exponents derived from the K-F and MCE methods suggest that the tunneling of Eu 2+ between the four equivalent sites in the tetrakaidecahedral cage favors the occurrence of a short-range ferromagnetic ordering in Eu 8 Ga 16 Ge 30 .
